We present a theoretical study of the the effects of off-resonant polarized optical fields on a ferromagnetic model system. We determine the light-induced dynamics of itinerant carriers in a system that includes magnetism at the mean-field level and spin-orbit coupling. We investigate an all-optical switching process for ferromagnets, which is close to the one proposed by Qaiumzadeh et al. [Phys. Rev. B 88, 064416] for the inverse Faraday effect. By computing the optically driven coherent dynamics together with incoherent scattering mechanisms we go beyond a perturbation expansion in powers of the optical field. We find an important contribution of a dynamic Stark effect coupling of the Raman type between the magnetic bands, which leads to a polarizationdependent effect on the magnetization that may support or oppose switching, but also contributes to demagnetization via an increase in electronic energy.
We present a theoretical study of the the effects of off-resonant polarized optical fields on a ferromagnetic model system. We determine the light-induced dynamics of itinerant carriers in a system that includes magnetism at the mean-field level and spin-orbit coupling. We investigate an all-optical switching process for ferromagnets, which is close to the one proposed by Qaiumzadeh et al. [Phys. Rev. B 88, 064416] for the inverse Faraday effect. By computing the optically driven coherent dynamics together with incoherent scattering mechanisms we go beyond a perturbation expansion in powers of the optical field. We find an important contribution of a dynamic Stark effect coupling of the Raman type between the magnetic bands, which leads to a polarizationdependent effect on the magnetization that may support or oppose switching, but also contributes to demagnetization via an increase in electronic energy. Introduction. The optical excitation of magnetic systems has many facets that have been explored over the last two decades. After demagnetization of 3d-ferromagnets by ultrashort pulses was discovered, 1 it was realized that in alloys with anti-ferromagnetically coupled sublattices the excitation by ultrashort pulses can lead to a transient ferromagnetic-like state 2 and even a complete reversal of the magnetization. These magnetization dynamics can be understood in terms of transient heating effects. [3] [4] [5] [6] More recently, there has also been evidence for magnetization switching induced in ferromagnets 7, 8 where a purely heat-induced effect should not work. In this case, there should be a microscopic mechanism with which the polarized optical fields act on the magnetization. Currently most popular explanation is the inverse Faraday effect (IFE), which has been studied in the last decade for ultrafast magnetism. [9] [10] [11] [12] However, the name IFE is applied to different mechanisms and models of light-matter interaction, some of which are more or less classical in nature. [13] [14] [15] [16] [17] [18] [19] [20] [21] The IFE was introduced for paramagnetic materials, but there are important differences for this effect between paramagnetic and ferromagnetic materials.
22,23
Recent quantum mechanical calculations of the timedependent IFE for ferromagnets have been performed in different ways. A perturbation theory in orders of the external field for band ferromagnets suggests that the magnetization is most efficiently influenced directly by a coherent optical field if this field is resonant with dipole transitions in the system. 24, 25 Calculations for fewlevel systems have analyzed a stimulated Raman effect, where the field is resonant with intermediate levels 26 and where angular momentum is transferred from the field. Qaiumzadeh et al. 27 proposed the spin-dependent optical Stark effect as a mechanism for the inverse Faraday effect that works for off-resonant optical fields. In this scenario the spin-dependent optical Stark effect changes the splitting between the spin-up and spin-down bands and the actual magnetization change occurs by redistribution of electrons between the split bands so that the lattice acts as source and sink of angular momentum.
The present paper analyzes a mechanism for all-optical switching by off-resonant fields that is based on the ideas of Qaiumzadeh et al. 27 but modifies and extends their model to also include angular momentum exchange with the optical field and spin-orbit coupling in the magnetic bands. It combines the action of a coherent optical field, incoherent scattering dynamics and k-dependent spin-orbit contributions in a ferromagnetic model band structure of itinerant electrons. The main purpose of this paper is to elucidate general properties of the magnetic switching dynamics due to the interaction with offresonant optical fields. In the following, we will generally refer to the optically induced magnetization dynamics as all-optical switching and avoid the term "inverse Faraday effect," because of the different meanings attached to it. [13] [14] [15] [16] [17] [18] [19] [24] [25] [26] Model. We intend to capture important aspects of the mechanisms underlying all-optical switching by taking into consideration as essential ingredients spin-orbitcoupling (SOC), electronic scattering processes and a ferromagnetic exchange splitting that can change in response to the electronic dynamics and thus captures time-dependent magnetic properties. The model band structure is shown in Fig. 1 . We consider two partially filled s-like bands |±, k , which exhibit a magnetic splitting of about 20 meV due to a Stoner mean-field contribution but also include spin-orbit coupling. For the purpose of nonlinear optics the magnetic bands are the "essential bands" and are dipole coupled to two "non-essential bands" | ± 3 2 , k , which are modeled as filled p-like bands (with total angular momentum j = 1 and m j = ±3/2 and effective mass 0.4m e ) 28 and are separated from the essential magnetic bands by an energy that is large compared to the equilibrium magnetic splitting. In order to keep the numerical calculations manageable, we use a Rashba-type spin-orbit coupling with an effectively 2-dimensional k space and include magnetism at the level 
of a Stoner splittinĝ
where n denotes the particle density and m represents the spin polarization per site, which is determined from the reduced density matrix, see below. The Stoner exchange splitting is ∆ = U m, and the magnetic and spinorbit splitting are controlled, respectively, by the Stoner and Rashba parameters U and α. For our model system, the carrier densities and splitting are smaller than in metallic ferromagnets, but they are consistent with each other, and the model includes the complete carrier and magnetic dynamics of the switching process. In particular, if the carrier distributions in the electronic bands change due to carrier scattering and/or interaction with optical fields, this affects the magnetization and electron density, so that the instantaneous energy dispersions described by (1) also change with time.
The magnetization dynamics are induced by the coupling to the optical field via dipole matrix elements connecting the magnetic bands and the non-essential bands, as shown in Fig. 1 . In difference to Qaiumzadeh et al., 27 the Rashba spin mixing in the magnetic states means that each circular polarization state of the optical field couples both magnetic bands to a p-like state, which makes Raman-like transitions between the magnetic states possible, as indicated by arrows in Fig. 1 . While the directions of the transitions depend on the system parameters and excitation conditions, there is an asymmetry between opposite circular field polarizations due to the different strengths of the dipole matrix elements between the magnetic states and p-like states, as signified by the thickness of the arrows in Fig. 1 . We describe the coherent dynamics of the 4 band system sketched in Fig. 1 using the reduced single-particle density matrix ρ µν k = ĉ † k,νĉk,µ , whereĉ † µ,k creates a particle in a Bloch state labeled by band index µ, which runs over the 4 bands shown in Fig. 1 , and crystal momentum k :
Here, Ω µν
are the matrix elements of the Rabi energy, which contains the real electric field vector E(t) and the matrix elements of the dipole operator d = −er.
We assume that these vanish between the magnetic bands and use the Rabi energy as a measure of the field amplitude. Importantly, the band energies µ (k) and basis states |µ, k used for the matrix elements in (2) are the instantaneous eigenenergies of the mean-field hamiltonian (1). In each timestep, the basis of single particle states |µ, k corresponding to the instantaneous values of n and m is used. This procedure includes the influence of the coherent optical field and the change of the instantaneous quasiparticle band structure via incoherent redistribution and relaxation processes.
We compute the incoherent redistribution of carriers, i.e., scattering, only for the magnetic bands, as we assume that only this is relevant for the magnetization dynamics. To this end we introduce scattering contributions to the elements ρ µν with µ, ν = ± of Eq. (2), in the form of a relaxation-time ansatz designed for the treatment of systems with spin-orbit coupling and mean-field magnetism. We use a generalized relaxation time ansatz dρ
indicates the elements of a suitably determined quasiequilibrium spin density matrix.
29 In order to model electron-electron scattering, we determineρ such that the relaxation-time ansatz conserves spin polarization, energy density and charge density of the carriers in the essential bands. The quantity τ plays the role of an effective scattering time for the incoherent electronelectron-scattering. The spin polarization of the magnetic bands, which we take as the magnetization, is calculated via m = k,ν,ν ν, k| σ|ν , k ρ νν k and includes the time-dependent spin expectation values of the eigenstates |ν, k of (1).
Results. We determine a self-consistent magnetic ground-state for the model (1) with initial magnetization direction +z. For the calculations presented in the following, we assume a Stoner parameter of 50 meV, a Rashba parameter of 20 meV nm, m * = m e , and a equilibrium temperature for the mean-field ground state calculation of T = 70 K. Starting from this ground state, we compute the dynamical distribution functions and states by solving (2) together with (1). The excitation is characterized by coupling to the non-essential bands, which are separated by 1.5 eV. For the effective electron-electron scattering time we take τ = 50 fs.
We consider the switch-on of a CW field which is ramped up with a rise time of 40 fs at t = 0 and to an amplitude corresponding to a Rabi energy of Ω = 15 meV, for a transition between a non-essential band state and a magnetic band as shown in Fig. 1 . The frequency of the optical field is detuned by 200 meV with respect to the transition to bottom of the lower band. We always assume a vanishing dephasing contribution, i.e, dρ µν /dt| scat ≡ γ → 0 for the off-diagonal elements of the density matrix corresponding to the optical transitions, which is well justified for a large detuning.
28 Fig. 2(a) shows the time-dependent magnetization including scattering contributions for off-resonant left polarized and right polarized optical fields. For the left-polarized optical field the magnetization is first reduced to about 1/4 of its initial value, and then the magnetization direction is reversed rapidly in about 50 fs. After magnetization switching is completed at about 250 fs, there is a slower decay of the magnetization. For right polarized light we find in Fig. 2(a) essentially only demagnetization. Comparison of the two light polarization states shows that this setup realizes off-resonant all-optical switching in a model ferromagnet.
To explain the behavior of the magnetization for the different polarization states of the optical field, we take a closer look at how the optical fields influence the electronic dynamics in the spin-orbit coupled essential bands. In addition to the magnetization, we characterize the electronic dynamics by the density and total energy density e = kµ kµ ρ µµ k + U n ↑ n ↓ . The latter quantity is shown in Fig. 2(b) . When the optical field is switched on, the energy increases rapidly and subsequently shows a slow increase. The comparatively large initial increase by 5% is due to our choice of model system whose density of states is smaller than in a metallic ferromagnet. The increase in energy is accompanied by an 0.5% increase of the electronic density in the magnetic bands (not shown).
The initial change in the energy and electronic density is due to the 40 fs switch-on of the optical fields, which leads to Fourier components of the field that are resonant with transitions between the filled bands and the magnetic bands, even though we use a vanishing dephasing γ → 0 of the optical polarization. One could call this a stimulated Raman process. We stress that this stimulated Raman process involves photons of the same polarization, so that it is fundamentally different from the process studied by Popova et al.
30
In addition to the initial rise of electronic energy in the magnetic bands with the switching-on of the field, there is a subsequent slower increase in electronic energy visible in Fig. 2(b) for both right and left-polarized optical fields. After the switch-on, the field is essentially continuous-wave, so that there is no stimulated Raman transition and the influence of the optical field is better described as dynamic Stark effect coupling of the Raman type.
31 These Raman-like transitions are indicated by arrows in Fig. 1 . This is similar to the mechanism suggested by Qaiumzadeh et al., but in their model the electronic bands are not spin mixed and the Raman transition is between the non-essential bands instead of the magnetic electron bands in our case.
To assess the influence of the incoherent contributions to the dynamics, we compare Fig. 2(a) with Fig. 2(c) , which shows the results if we repeat the calculation of Fig. 2(a) with identical parameters but without scattering/carrier redistribution contributions. In this case there is a small change of spin polarization, i.e., the magnetization, in opposite directions for the different light polarizations (the difference will be discussed below), which proves that the direct effect on the magnetization induced by the polarized coherent optical fields is indeed small and incoherent scattering is needed for all-optical magnetization switching to occur. Without scattering, the charge and energy dynamics, which are not shown here, are very similar from the case with scattering shown in Fig. 2(b) . The carrier redistribution thus converts the energy increase due to the dynamic Stark effect coupling into a demagnetization, as suggested by Qaiumzadeh et al. 27 In our microscopic calculation it does this via the interplay of k-dependent spin-orbit coupling and a spin conserving scattering processes.
32-34 Together, they act as an Elliott-Yafet-type process, which leads to a demagnetization whenever the energy in the electronic system is increased. Only when this demagnetization process is included in the calculation we find a pronounced difference between the magnetization dynamics for the different polarization states of the optical field.
We calculate the whole magnetization dynamics, which leads to a reversal of the magnetization direction for the left-polarized optical field and which is due to a combination of the coherent field, the change in the band structure, and the incoherent redistribution dynamics. Thus one cannot simply determine an effective magnetic field that is responsible for the switching dynamics, but we can compare to the calculation without carrier redistribution (scattering) processes, which is shown in Fig. 2(c) . In this case, the left-polarized light leads to a steady state with reduced magnetization, whereas the right-polarized optical field leads to a steady state with slightly increased magnetization. We therefore find that for the left polarized optical field, the dynamic Stark-effect coupling works in the direction of magnetization reversal, but is not sufficient to switch the magnetization by itself. Only when the magnetic splitting is reduced so that the band structure is closer to that of a pure Rashba system, the optical field can switch the direction of the magnetization by reversing the small z component of the single-particle expectation value µk|σ z |µk of the µ = + and µ = − bands, respectively. 29 For the right-polarized optical field the dynamic Stark-effect coupling alone would give rise to an increase in magnetization, but the concomitant increase in energy effectively leads to demagnetization. While we cannot compare this result directly to the measurement of El Hadri et al. 35 , it shows qualitatively they correct behavior as the experiment also finds an effective demagnetization for the light polarization opposite to the one that leads to switching. The last observation in connection with Fig. 2 concerns the behavior for longer times (> 1 ps). There the magnetization dynamics for the left and right polarized pulses become symmetric because for the right polarized field, the helicity of the light and the magnetization direction are aligned for the whole dynamics and for the left polarized case the helicity an magnetization are aligned in the same −z direction.
Finally, we would like to investigate the connection to perturbation theory with respect to the external field, which is often regarded as the sole contribution of the coherent optical field. We can achieve this by computing the magnetization dynamics for a fixed band structure. In this case, we do not update the eigenenergies and eigenstates of hamiltonian (1), i.e., we keep the Stoner mean-field spliting fixed, so that the change in magneti- zation comes from the dynamics of the reduced density matrix under the influence of the optical field. Such a calculation for right and left-circularly polarized optical field is shown in Fig. 3 . For a detuning of 200 meV the effect on the magnetization is vanishingly small, so that, in addition to keeping the band structure fixed, we now use a field closer to the resonance between magnetic and non-essential bands, namely a detuning of 5 meV. The other parameters are kept the same as in Fig. 2 . In this scenario, the magnetization approaches different steady states with a reduced magnetization (compared to equilibrium) for both right and left-polarized optical fields. As the density matrix includes the influence of the coherent field to all orders of the field, this result should correspond to a mechanism for the inverse Faraday effect analyzed by Oppeneer and coworkers in the framework of 2nd-order perturbation theory for close-to-resonance fields. Indeed, Berritta et al. 36 have also found that the influence of optical fields with opposite circular polarization may lead to a reduced steady-state magnetization with respect to the equilibrium magnetization. This is somewhat contrary to what one expects from older theories of the inverse Faraday effect which yielded exactly opposite effective magnetic fields for opposite circular polarizations of the optical field. This "antisymmetry" between the magnetic field and the circular optical polarization is not present because of the finite equilibrium magnetization, which breaks the symmetry between the dynamics induced by right and left-circularly polarized fields. 37 In our case, we find that the asymmetry is pronounced for the close-to-resonance case in Fig. 3 because there the optical field "sees" the ferromagnetic splitting. In the off-resonant case in Fig. 2(c) , the ferromagnetic splitting should play a smaller role, and indeed the magnetization dyamics are closer to realizing antisymmetry, as the magnetization is changed in opposite directions for opposite polarizations.
Conclusion. We introduced a microscopic dynamical model to study the all-optical magnetization switching process in a simple ferromagnetic band structure, including spin-orbit coupling and incoherent carrier redistribution/scattering processes. For off-resonant excitation we found that the switching process is a combination of demagnetization and the influence of the off-resonant field in the form of a dynamical Stark effect. The main angular momentum change is supplied by the lattice via an Elliott-Yafet like magnetization change, which results from the combination of spin-orbit coupling and scattering processes. Even for a continuous-wave excitation, we found that the field acts directly on the magnetization via an off-resonant Raman-like processes, which is closely related to the dynamical Stark effect. This Raman-like process leads to a decrease/increase of the electronic spin polarization, i.e., the magnetization, as one would expect from the angular momentum supplied by the left/right circularly optical field. However, both circular polarizations increase the energy of the electrons in the spin-split bands during the duration of the optical field, and thus contribute to a demagnetization effect largely independent of the polarization. For optical fields close to resonance we find magnetization changes that are not antisymmetric with respect to the optical polarization, in agreement with recent perturbation theory calculations.
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